352 0%96

»

%

NACA TN

i;

t

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

oA

TECHNICAL NOTE 3352

EXPERIMENTAL INVESTIGATION OF MISALINING COUPLES
AND ECCENTRICITY AT ENDS OF MISALINED
PLAIN BEARINGS
By G. B. DuBois, F. W. Ocvirk, and R. L.. Wehe

Cornell University

Washington ¢ \'\

February 19556

13
G ise Ay

Toar B T ST I o
. Lb\‘l—i.t‘niiih IR T Y]]

~ KFL 2811



TECH LIBRARY KAFB, NM

NATIONAL ADVISORY COMMITTEE FOR AERCNAUTICS “"{g"mlllj{lllﬂllg!jq,l{['anli!“lm“

TECHNICAL NOTE 3352

EXPERIMENTAL INVESTIGATION OF MISALINING COUPLES
AND ECCENTRICITY AT ENDS OF MISALINED
PIATN BEARINGS

By G. B. DuBols, F. W. Ocvirk, and R. L. Wehe
SUMMARY

An experimental investigation was conducted at Cornell University
as a part of a research program sponsored by the National Advisory
Committee for Aeronautlcs to study the behavior of full journal bearings
under steady load when acted upon by a steady misalining couple. Dis-
placements of the ends of the journal axis reletive to the bearing axis
were measured with either an axial couple applled in the plane of the
centrel locad or & twisting couple in the plane normal to the central
load. Oil-flow-rate and bearing-temperature measurements were also made
to determine the effect of misalining couples on these quantities.

Journals lé inches in diameter were used at length-dismeter ratios

of 2, 1%, 1, and «Ewith clearsnces renging from 0.0018 to 0.00%8 inch.

Journal speeds from 1,200 to 5,000 rpm and central loads to 1,290 pounds
were used with misalining couples as high as 288 inch-pounds. SAE 10 oil,
at an inlet pressure of 80 pounds per square inch, was fed through a sin-

gle %,-inch—diameter 01l hole located opposite the applied central load.

The displacement data obtained are presented as charts relating the
misallining couple to the eccentricity at the end of the bearing in rela-
tion to the centrael load end other variables in nondimensionael form.
Charts are also presented comparing the effect of a misalining couple on
maximum eccentricity with an equivelent central load which is a multiple
of the applied central load. This multiple is called '"load ratio" and
shows the relatively large effect of small misalining couples on eccen-
tricity. Data are also presented to show that misalining couples have a
negligibly small effect on bearing temperature and on oll flow rate, pro-
vided the oil film is not ruptured.
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INTRODUCTION

Engineering information for the design of journal bearings with the
Journal axis misalined relative to the bearing axls is needed since most
practical engineering cases involve misalinement due to (1) elastic or
thermal deflection, (2) known applied couples on single bearings, or
(3) unavoidable difficulties of alinement in manufacture. Exasmination
of falled bearings will often show evidence that the fallure originated
at one end of the bearing. Fortunately, the abllity of soft bearing
materlals to conform or run-in is of considerable ald in cases where the
misalined deflection assumes & stable value. On harder materials less
eble to run-in to conform in alinement with the deflected shaft, misaline-
ment becomes an important problem.

Some experimental and snalytical data on oil film pressure distribu-
tion for cases of misalinement have been published. DuBois, Mabile,
and Ocvirk in an earlier report on this project (ref. 1) presented photo-
graphs of five plaster models of experimentally measured oil-film pres-
sure distributions showing that the oil film pressure distribution 1s
distorted and the peak film pressure is considerably increased when mis-
alining couples are applied either in the plane of the load or in a plane
normal to the load.

Walther and Sassenfeld (ref. 2) presented an anslytical solution
giving the film pressure distribution for a misalined bearing. They have
employed a mathematical method of differences in satisfying Reynolds'
lubrication equation and present pressure-distribution curves of an
example. They report that the computations in their solution are not
difficult in principle but are troublesome and tedious.

Studies have been made by this investigation to determine the
practicability of obtalning an anaslytical solution for the misalined
bearing. Unless simplifying assumptions are made, any solution of
Reynolds' differential equation for the misalined cese evidently requires
integrations by numerical methods, first for pressure distribution, and
subsequently for loads and couples. A functlon for film thickness is
required for Journal and bearing axes which are nonparallel and noninter-
secting in the general case of misalinement. Three parameters are neces-
sary in the film-thickness function as contrasted with one parameter, the
eccentricity ratio, for bearings without misalinement. The three param-
eters for misalinement may be stated as the eccentricity retio at the
center of the bearing and two orthogonal anguler displacements of the
Journal axls relative to the bearing axis. The three parameters may also
be taken as the eccentricity ratios at the two ends of the bearing and
an angular displacement between these eccentricity ratios. If numerical
methods are used in performing the integrations, the number of individual
cases depending upon combinations of the three parameters makes the work
voluminous. Even if results were obtained from the integrations, methods
of plotting these results would be complex.
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In view of the theoretical difficulties, it was felt that a direct
experimental approach to obtaining Information on misalinement was desir-
able. Comprehensive experimental data were taken and subsequently reduced
to charts having nondimensional coordinastes. The charts presented in the
following sections of this report are the result of extensive cross
plotting. Many Iintermediate steps were of value chiefly to indicate a
better method. Introduction of several variables whlch may be said to
have been experimentally or semiempirically determined rather than thec-
retically derived became necessary.

This investigation was conducted st Cornell University under the
sponsorship and with the financial assistance of the National Advisory
Committee for Aeronautics.

SYMBOLS
a lever arm or offset of misalined lcad, in.
cy diametreal bearing clearance, in.
cq
T clearance ratio
cL radial bearing clearance, cd/2, in.
1/2,,\1/2
Cn couple variable, Cp = %%(f%) (%) for % 2 1.0,
1/2, \1/2
M/da 1 1
C. = =[— = —_ -5 1.
n Pl<pd) (d) 2 for g o
(%)
C capacj_ty number _"L.D.E. i 2 .1.)2 for l‘ §—. 1.0 (See S)
n 4 P \c3 d d
UN' 74 2/ 2
Cne equivalent cepacity number due to misalinement, EEEGEE) (E)
d bearing diameter, in.
e eccentricity for centrael loading, in.

e eccentricity at center of bearing for misalinement, in.
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eccentricity at end of bearing for misalinement, in.
bearing length, in.

length-diameter ratio

C
load ratio, Irp =S .0
D S Cy
e
. e“n
misalined attitude,
-n

misalining couple, in-1b
axlal misalining couple, in-1lb

Percent misalinement
100

axial couple ratio, L& =& =

Pl 1
twisting misalining couple, 1n-1b
twisting couple ratio

eccentricity ratio or attitude for central loaeding, e/cr

eccentricity ratio at bearing center for misalinement, ec/cr
eccentricity ratic at bearing end for miselinement, eg/cp

Journal speed, rpm
Journal speed, rps
applied central unit bearing load on projected area, Ib/sq in.

capsule pressure of load, lb/sq in.

inlet oil pressure, 1b/sq in.
applied central bearlng load, 1b
experimental total rate of oil flow for central loading, lb/sec

experimental total rate of oll flow for mlsalinement, lb/sec
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r bearing radius, in.
uN' /@ 2 3
S Sommerfeld number, _TT—GQE) for % 2 1.0 (%ee CQ)
Se equivalent Sommerfeld number due to misalinement,
2
=1
Lgp\q
T temperature, °p
el oll viscosity, reyns = ESEEEEEEEEE
6.9 x 10°
4] attitude angle, deg
Subscripts:
c at bearing center
e at bearing end; equivalent with values of S end Cp
h horizontal
v vertical

NATURE OF MISALINEMENT

Discussion

An analytical approach to the characteristics of misslinement may
well begin with an explanstion of the displacement of the Journal axis
relative to the bearing axls. Figure 1 shows the geometric conflguration
of these axes for the general case, in which the axes are nonparallel and
nonintersecting. It may be seen from figure 1 that the eccentricity e
and its direction or attitude angle ¢ are variable along the length of
the bearing axis. In general, the midpoint of the Journal has some
"central" eccentricity e, and the eccentricity at one end of the bearing

15 greater than that at the other end of the bearing. The maximum eccen-
tricity at one end of the journal 1s called the end eccentricity e, and

is of special interest as 1t 1s indicative of the minimum oil film
thickness.

It was- found experimentally that the condition shown in figure 1
could be obtained by eccentric loading, or by applylng a load at the
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center of the bearing plus a couple acting in the plane containing the
load and the bearing axls. This couple is called an axial couple as
shown in figure 2.

If the line of action of the load is eccentric, or offset from the
bearing center, the effect 1s analogous to a central losd plus an axial
couple. In practice an axial couple may occur in three ways: As the
load P times an offset =&, or as a moment M produced by couple forces
shown in f£igure 2, or as a result of Jjournal misalinement as shown. In
these experiments it was convenlent to apply the couple M by a system
of welghts, lever arms, and small cables over pulleys, leaving the machine
adjusted so that the load from the loeding capsule and the spherical sest
passed as neerly as possible through the bearing center.

Figure 2 also shows a twilisting misallning couple tending to rotate
the bearing shell about the load line. The twisting misalining couple
1s applied in a plane normal to the central load line. Referring to the
plane of the axial couple and the normal plane of the twlsting couple,
the third principal plane is that of bearing rotation and friction torque
in which the bearing is not sensitlve to misalining couples.

Central eccentricity ratio.- Since the eccentricity and eccentricity
ratio are varlable along the vearing exis, the subsecript ¢ 1s used to
designate values at the bearing center. Thus n. 18 the eccentriclty
ratio ec/cr at the bearing midplane.

End eccentricity ratio.- The subscript e 1s used to designate the
eccentricity ratio at the end of the bearing having the maximum value of
n, called ng- This 1s the point at which the closest approach to metal-
lic contact occurs.

Method of Approach

As Indicated in the followling paragraphs, the epproach to the mis-
alinement problem taken by this lnvestigation is that Journal displace-
ments by misalinement may be related to the displacements by central
loads. In thls way misalining couples are compared with equivalent cen-
tral loads which would give eccentricities equivalent to the end eccen-
tricities actually obtained.

The curved line in figure 3(a) represents the experimental data
from figure 4 showing the displacement of a Journsl in a bearing when
acted upon by a central load without mlisalinement. The eccentricity
retlc n is plotted as a function of either the Sommerfeld number S
f7r zalues of I/d 21 or the capacity number C, for values of
1/d = 1:
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t 2 .
S = *%-(%) for 1/d 2 1.0 (1)

2,2
_ M /AN
¢, = &5 <°d) (a) for 1/d g 1.0 (2)

Referring to figure 3(a), a typical case of central load without
misalinement might be represented as poiut a with an eccentrieity n
and a capacity number Cp.

When a misalining couple is applied =and misalinement occurs the
eccentricity ratio at one end of the bearing n, would become larger

than n, as represented by point b directly over a. The capacity num-
ber C, is unchanged since it is computed on unit (central) bearing load

which 1s unchanged, assuming the temperature, viscosity, speed, and so
forth are held comnstant.

The method of attack used in this investigation 1s to modify the
load term in the Sommerfeld number or the capacity number by a factor Ig

50 that the point b would fall on the established curve at point c.
Thus the "equivalent" Sommerfeld or capacity number for eccentric or mis-

alined loading i1s
_ pN/a
8o = %P(%) (3)

e " LRP< >(d> *)

Load ratio.- The factor I 1s called the load ratio:

IR=——=—-=-— (5)

The load ratio is represented in figure 3(a) as the abscissa of the
point b, or OCp, divided by the sbscissa of point ¢ on the curve, or

Cp.- The load ratio is always greater than one. In equetion (4) note
that since the unit load p 1s 1n the denominator, the C, term is
inverted; that is, C, 1s greater than Cp,.
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Meaning of load ratio.- The relatively large numerical magnitude of
the load ratio results from consideratlion of the meaning of the points =,
b, and c¢ in figure 3(a). Point a represents & light load without mis-
alinement. Point b shows the effect on eccentricity at one end of the
bearing of applying a misalining couple. Point ¢ on the other heand
represents an "equivalent" central load without misalinement, where the
eccentricity of ¢ occurs all the way across the bearing rather than at
one end only. The load for point ¢ 1s naturally several times the cen-
tral Jload at a. A light central losd plus a misslining couple results
in a reduction in oil f1lm thickness at one end of the bearing, and the
load retio Ly represents the increase in the central load that would

be required to produce the same reduction on oil film thickness all the
way across the bearing. Point ¢ has been termed the "equivalent" cen-
tral load since 1t gives the same maximum eccentricity as point b does
by misalinement.

A simpler visual meaning of load ratio is obtained by simply regarding
it as the ratio of the two values of Cp in figure 3(a) as shown in
equation (5).

Misalined attitude.- While misalined dilsplacement is of an angular
nature, the value of the minimum oil film thickness at the end of the
bearing, or end eccentricity ratlo ng, 1s of greater interest. An
angular value would depend on the Z/d ratio since the angle 1s affected
by the bearing length. A fundamental meesure is desired which will be
zero when no anguler misalinement exists and which will approach 1.0 when
the journal approaches metallic contact at one end of the bearing. The
measure chosen should bear the same relation to the misalined case that
the eccentricity ratio n does to the central load case. This result
is gilven by the following ratio:

e 6
" 1 -n ()

Graphilcal representation of misalined attitude.- The misalined atti-
tude m, 1is also represented in figure 3. The vertical distance for

polnt a is n, and that for b 1is n,. The distance from a to D
is labeled (ne - n). The distance from a to the top line is labeled
(1L - n). Thus, the misalined attitude m,; 1s the ratio of the distance
ab to the distance from a to the top line. Misalined attitude my

as & ratio represents how far the point b has progressed toward the
top line where n equals 1.0.

The relative geometrical position of the bearing and the journal
will depend not only on the magnitude of the central load and the mis-
alining couples but will glso depend on the usual hydrodynemic variables.
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In an experimental program covering & number of length-diameter ratios
and clearances, the mumber of possible cases to be lnvestigated is large.
To }imit the number of experiments in this investigatlon, data were
obtalned giving displacements due to misalining couples applied either

in the plane of the central load as axial couples, or in the plane nor-
mel to the load line as twisting couples. Combinations of the two appear
10 be of less practical importance and so far have not been included in
this investigation.

From the curve of n agaeinst 8 or n against Cpn for central

loading as in figure 3, a family of curves may be constructed showing
the relationship of m,, I, and S or Cu. For a glven value of S

or Cp, the corresponding value of n 1s known from the curve. Then
for arbitrary values of n, and corresponding values of S or Cne

both mg and Ig may be calculated from equations (6) and (5).

The curved line in figure > is obtained from reference 3 and figure L
which presents experimental data for centrelly loaded bearings of length-

diameter ratios 2, l%, 1, and 3/4. As shown in figure 4(a) the experi-

mental values of eccentricity ratio fall closely on a single line for all
length-dismeter ratios if the absclssa is S for the long bearings

(1/8 2 1.0) and C, for the short bearings (1/d £ 1.0). Figures 4(b)
and 4(c) show the same data but show the long- and short-bearing data
separately. Experimental curves are shown drawn through the experimental
date, and the analyticael short-bearing curve of reference 3 is also shown
for comparlson.

On the basis of the experimental curves in figures 4(b) and 4(c)
misalinement curves of m, ageinst S and mg agalnst Cp were con-
structed with load ratio Iy &as a parameter in figures 5(a) and 5(b).
Calculations were made using equations (5) and (6). The shape of the
misalinement curves depends entirely upon the shape of the curve for cen-
tral loading. On the basls of the analytical short-bearing curve fig-
ures 5(a) and 5(b) would be the same. However, it is conservative to
use the experimental curves of figures 4(b)} and L(c) especially in the
region of high central loads where S and Cn are low.

The curves of figures 5(a) and 5(b) indicate that for a given cen-
tral load, as gilven by S or Cp, the misalined attitude m, 1increases

with load ratio IR. For the limlting condition of metallic contact
(mg = 1.0), the load ratio becomes greater as the central load becomes

smaller. These curves show the relation between the misalined ettitude
m, and the load ratilo Ly, but leck information in regard to the mis-

alining couples required.
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An extenslve test program was requlred to relate the applied couples
to load ratio and misalined sttitude. Silnce the size of the couple seems
to be most closely related to the bearing load and the bearing length,
these terms were combined in a nondimensional form as given below.

Couple ratio.- In these experiments the misalining couples were
applled as a pure moment on the bearing In inch-pounds, designated as
M. In order to obtain a nondimensional gquantity, the bearing load P
and bearing length 1 are introduced:

M
C le ratio = —
oup A (1)

As slready mentioned, an axial couple My 1s analogous to offsetting
the bearing load from the center of the bearing by a distance a:

My = Pa
(8)
_ M
=7
An axlal couple ratio has a visual meaning as follows:
Couple ratio = %g _Pa _8 _ Percent misalinement (9)
Pl Pl I 100

Thus an axlal couple ratio of 0.5 or 50-percent mlsalinement indi-
cates a 1is one-half of 1 and 1s analogous to having the line of
action of the load pass through one end of the bearing. Beyond this
point the bearing oil fllm pressure spparently becomes negative at the
opposite end of the bearing and the Journal tends to tilt across the
clearance. A similar situation occurs when the central load is zero,
and a misaelining couple 1s applied. To expedite this program, these
conditions have been considered as a separate case not included in this
program.

The photographs of plaster models showing distortion of the oil
film pressure distribution for a case of misalinement, given in refer-
ence 1, were obtained using "l6-percent misalinement." Thus, 16 percent
is a couple ratio of 0.16 or a/l = 1/6. One-sixth of the distance from
the bearing center is (0.50 - 0.16)1 or 0.341, and for the plaster
models the load may be considered as applied at a one-third point on 1.

Couple variasble.- In an attempt to make the couple independent of
Z/d and d/cd, additional couple variables C, are introduced:
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- %&)l/g(.}ifm for 1/d 21 (10)
B0 L o s a

&)
d
The couple variables in the nondimensional forms shown in equa-

tions (10) and (11) were determined by trial-and-error methods in the
search for a varlable which would collect experimental data as a function
of load ratio as shown in figures 6(a) to 6(d). Four experimental curves
of Cp versus LR are shown separaetely for long and short bearings and
for axial and twisting misalinement.

By combining the experimental data of figures 6(a) to 6(d) with the
misalinement curves of figures 5(a) and 5(b), load ratio may be eliminated,
giving the four misalinement curves of figures T(a) to T(d).

The curves of figures 7(a) to 7(d) show the relationship of mis-
alining couples, central load, and misalined attitude in nondimensional
form. It may be seen that load ratio has been employed as a parametric
device in order to formulate a method of approach to the misalinement
problem. The discussion and interpretation of the experimental data are
given 1n the following sections of this report.

APPARATUS

The bearing-testing machine used in the misalinement experiments is
the same as that described in reference 3. A photograph of the mschine
appears in figure 8. The manner in which the test elements were sup-
ported and loeded is shown in figures 9, 10, and 11. Figure 12 shows
the mechanical system for measuring journal displacements, and figure 13
glves the locations of the thermocouples used to determine bearing
temperatures.

Test Bearing and Journals

A single bronze bearing and five steel shafts of lgn-inch nominal

diameter were used 1n the configuration shown in figure 9. Each of the
shafts represented a given length-diameter ratio and a given clearance
as listed on the following page:
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Average diametral clearance, Clearance ratio,
Shaft 1/a cg, in. %? in./in.
6A 2 0.00252 0.00183
6B 2 .00376 .00273
6C :% .00196 .001k2
6D 1 .00183 .00133
6E % .00258 .00187

These test elements were also used 1n the experiments with central
loading as shown in figure 4. SAE 10 oll wes used as the test lubricant
aend was fed to the test bearing at a pressure of 80 pounds per square
inch through a l/8—inch-diameter 01l hole located opposite the central
load. The oil was preheated to 140° F near the pump elthough the meas-
ured temperature of the o0il entering the bearing was less because of
heat losses in the oil lines.

The test shafts were driven by a high-speed, direct-current, variable-
speed aircraft motor, having a speed range of 1,000 to 10,000 rpm.

- Loading Apparatus

As shown in flgure 10, the central load was applied hydraulically by
a pressure capsule and was transmitted to the bearing through a piston
and an oll-pressurized spherical seat. The oil flow through the spherical
seat floats the bearing giving it freedom to dlsplace on the application
of central load and misalining couples. Figure 10 also shows the method
of applyling axial and twisting misalining couples. Combinations of 1/2-,
1-, and 2-pound welghts were used to trensmit force through light steel
cables to tubular members projecting from the bearing as shown. The pul-
leys shown were ball bearing mounted to minimize frictionsl resistance in
the system. To restraln the axial movement of the test bearing on the
shaft without restraining angular movements, self-alining ball-bearing
links and & gimbal ring were used as shown in figure 11. The links and
glmbal ring provide the necessary axial resistlng force on application
of the misalining weights such that & pure misalining couple acts on the
bearing as shown.
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The coordinate displacements of the journal ends relative to the
bearing were measured by the mechanical arrangement in flgure 12 in which
horizontal and vertlical motlions were transmitted by bronze riders on
levers through vertical rods to four 0.0001l-inch dial indicstors. This
is the same system reported in reference 3 except that the levers were
modified to give a 2-to-l magnification of the actual displacements to
improve the accuracy 1n reading the dials. A duplicate set of rods is
used for temperature compensation.

Iron-constantan thermocouples were used 0 measure bearing tempera-
tures at 14 locations in the bearing hub within l/l6 inch of the bearing
surface as shown in figure 15. Thermocouple 9 gave the bearing-hub tem-
perature at a polnt 2 inches from the oil film, and thermocouple 16 was
used to determine the temperature of the incoming o0il at the oil inlet
to the test bearing.

As shown 1n figure 10, a drain hole in the bottom of the machine
housing allowed the oil flowlng from the test bearing to be collected in
& pan which could be removed for weighing. Also shown are the sllnger
rings and baffles which prevented the mixing of the test-bearing oil with
the oil from the support bearings and the spherical seat.

TEST PROCEDURE

For each of the five test shafts a series of displacement experiments
were conducted at & number of speeds and with comblnations of central load
end either axiel misalining couples or twisting misalining couples. Only
a8 few experiments were made to determine oil flow characteristics because
it was early discovered that misalinement had a negligibly small effect
on oil flow rate.

Omission of Friction Tests

Although frictlon-measuring apparatus is incorporated in the test
machine (ref. 3), no friction data were taken in this series of misalined
tests because no acceptable method was devised for applying misalining
couples without small components of the couple affecting the friction
torque measurements. From many attempted friction tests made early in the
program, 1t was found that the pull on the misalining wires resulted in a
small torque component in the plane of the friction torque which was of
the order of magnitude of the friction torque. Thus, the friction data
under misalinement were erratic and failed to-repeat satisfactorily. By
shifting the Jourmal axially with respect to the bearing, 1t is possible
to obtain a combination of central load end axial misalinement which
would not have an extraneous effect on the friction meassurement; however,
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for the long bearings, the bearing machine permits a shaft movement of
only 1/16 inch either side of bearing center which is insufficient for
an acceptable magnitude of misalining couple.

Misalinement Displacement Experiments

Variations in displacement were cbtained by varylng the misalining
couple and holding the central load constant at constant speed and con-
stant inlet oil pressure. It was found thet by operating under these
conditions the variations in bearing temperature were small. A nearly
constant temperature of the apparatus at thermal equilibrium assured a
minimum thermsl effect In the measurements. -Prior to takling date the
test elements and the measuring apparatus were brought to equilibrium
temperature by running at constant speed and central load for a perlod
of 20 to 30 minutes. ‘

At the end of the warm-up perlod, the central load and the inlet oil
pressure were reduced to zero so that the indicator dlals could be set to
a datum position representing zero displacement of the journal relative
to the bearing. The central load and inlet oil pressure were then applied
and held constant. Displacement data as read from the four dials were
then recorded for various increments of axlal misalinement couples. The
misalining load was increased in 4 to 8 increments and then decreased in
the same increments to permit averaging of data. To allow further averaging
of data, the same increments of axlal misalining weights were then applled
on the "left" end of the bearing if the first set of weights had been on
the "right." As shown in the sample log sheet of teble I, the following
data were recorded: Journal displacements, capsule pressure of central
load, misalining weights, bearing temperatures at critical locations,
inlet oil pressure, speed, direction of rotation, time, inlet oill tempera-
ture, room temperature, and oll temperature after the heater. The same
procedure was followed for the opposlte direction of rotation so that the
data could be averaged for the two rotations.

Axial misalinement experiments were then repeated at the same speed
and oll pressure at increased central loads. Further experiments were
made at the same speed and oil pressure to obtaln data for twisting mis-
alinements at the same conditions of central load as in the axial misaline-
ment runs. Constant-speed runs at approximstely 1,200, 2,500, and 5,000 rpm
were conducted for each of the flve test shafts to determine the effects of
1/@a and clearamnce on bearing misalinement characteristiecs.

For all tests a constant inlet oil pressure of 80 pounds per sgquare
inch at 140° P (at the heater) was used. The meximum applied central
load in the tests was 1,290 pounds for shaft 6A, and the maximum unit
central load on projected area was 600 pounds per square inch on shaft 6D.
The maximm value of misalining couple spplied was 287.5 inch-pounds (on
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shaft 6A) obtained by epplying the maximum misalining weight of 20 pounds.
In the axial misalining experiments the moment arm of the couple was

183 inches, and in the twlsting mlsalining experiments, lh% inches. Maxi-

mm bearing temperature recorded was 179° F at 5,000 rpm.

011 Flow Measurements

A few o0il-flow-rate experiments were conducted under conditions of
axiel and twisting misalinement using shafts 6A and 6C, at values of
1/d of 2 and 1.5. At each misalining lcad, after the oil flow reached
the steady state, the flow rate was measured by collecting the oil in a
pan for periods of 1 to 2 minutes and recording the net weight of oill.
Several central loads were gpplied. The chief variable affecting the oil
flow rate was the central load, and the effect of applying misalining
couples was negliglibly small by comparison.

RESULTS

The major results of this investigation are sumarized in the curves
shown in figures T(a) to 7(d) in which the couple variable is plotted
versus the Sommerfeld or capacity number for central load with misalined
attitude as a paremeter. These charts are in the form of design charts
to determine the relation between the couple and the misalined attitude
of & bearing having = central load. Figures 6(a) to 6(d) show the experi-
mental data giving the couple veriable as z function of load ratio; these
data, when combined with the curves of figures 5(a) and 5(b), eliminate
load(ratio and permit the plotting of the design charts of figures T(a)
to 7(d). :

Figures 14 (a) to 14(d) present experimental data of couple variable
versus load ratio for the individual bearings of shafts 6A, 6B, 6C,
and 6D, each representing a given Z/d and d/cd. These four figures
have been combined in figure 6(a) to give the axial misalining character-
istics of long bearings (Z/d 2 1.0) as & function of losd ratio. Similer
individual experimental charts were used to obtain the summary curves of
figures 6(b), 6(c), and 6(d) but only the summary curves are presented.

To show graphically the range of the experimental progrem in regard
to magnitudes of misalined attitude m,, load ratio Ly, and Sommerfeld

number S or capacity number Cp, the 12 sets of curves in figures 15(a)

to 15(1) are presented. The first six figures, figures 15(a) to 15(f),
show the range of mg, Ip, and S or Cp for each of the five shafts

in the axliasl-misalinement experiments; similar curves are shown for the
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twisting-misalinement experiments in the second set of six figures, fig-
ures 15(g) to 15(1). As may be seen, maximum values of mg of 1.0 were
reached. The maximum load ratio attained was in the neighborhood of 10,
and the range of Scmmerfeld or capacity numbers was from a minimum of
0.045 to a meximum of O.45. Misalinement data with zero central load
cannot be plotted in these charts because the load ratio ls infinite for
all values of mg,. As already menticned, zero central load has been con-

sldered a separate case 1n order to expedlte the test program.

Polar diagrams are presented in figures 16(a) to 16(d) to show pic-
torially the eccentricity ratios at the two ends of the bearing as mis-
alining couples are applied. They show also the effect of the central
losd on the end eccentricity ratios. Curvee for shafts 6A (1/d = 2)
and 6D (1/d = 1.0) only are shown, two sets of curves for axial misaline-
ment and two sets for twlsting misalinement.

Curves of oil flow rate gs a functlion of misalinement are given in
figures 17(a) and 17(b). The curves show the ratio of Qn/Q which 1s
the 01l flow rate with a mlsalinement couple and central load divided by
that for central load salone. Axial misalinement tends to decreagse oil
flow slightly, whereas twisting misalinement slightly increases it.

Calculations of the several nondimensional quantities are shown in
the sample calculation sheet, table II. The necessary data for the cal-
culations are given in the sample log sheet of table I.

Phenomena at Zero Centrel Load

A number of misalined experiments were conducted at zero central
load obtained by counteracting the effect of gravity on the parts. These
experiments, and others at very light central loads, were unsatisfactory
because of what appeared to be two possible values of displacement for a
glven couple. On application of the couple, an apparently stable dis-
placement was noted; however, with the elapse of several minutes of time,
the dlgplacement suddenly changed to & higher value. In central-load
experiments without misalinement (ref. 3), similar instabilities were
encountered with very light loads. With misalinement, it was again
noticeable that inlet oil pressure influenced displacements at lightly
loaded conditions. By using inlet oil pressures of 20, 40, and 80 pounds
per square lnch in the misalinement experiments at zero central load, it
was found. that the bearing was "stiffer" agelnst misalinement as the oil
pressure was increased; that is, the misalining displacements were smaller.
However, higher oil pressures did not eliminate the double displacements
although the difference between the high and low valueg was reduced
somewhat.
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Misalined Attitude

In crder to determine the misalined attitude my; from equation (6),
1t was necessary to calculate ne and n from the measured displace-

ments. Coordinate vertical and horizontael displacements of the shaft
were measured at the riders which are located beyond the ends of the

bearing l%% inch to the left and to the right of the center line of the
bearing as shown in figure 9.

A typical set of displacement data for a misalinement run is shown
in table I. Eight observations of & coordinate displacement were averaged
to determine the mean value of the displacement for a given couple. For
example, for a given misalining weight placed at the "right" as shown in
figure 10, the maximum vertical displacement is at the left end of the
bearing. For the left end, two vertical displacement values were taken
as the misalinement load was increased and then decreased. For the same
misalining weight placed at the "left," the two up and down observations
were read at the right end. Four more gimilar obgervations were made for
the opposite direction of rotation of the Journel. All eight observations
were then averaged directly to yield a mean value of vertical displace-
ment. A similar value was obtained for the horizontal displacement, thus
arriving at the coordinates of the displacement at the riders at one end
of the bearing for a given misalining couple. For the same couple, the
coordinates of the displacement at the other end of the bearing were also
determined in a similar manner.

Corrections, datum point.- The slight displacements at zero load
and zero inlet oil pressure, at which it was assumed that the journal
and bearing axes were coincident, were averaged and subtracted from the
averaged values of dilsplacement under misellinement. All displacement
values were then halved because of the 2-to-1 multiplication of the
measuring system.

Correctlons for slope.- The displacements discussed above are at the
riders rather than at the ends of the bearing as shown in figure 18.
Because of the inclined attitude of the journal relative to the bearing
axls, it was necessary to make & correction for slope to determine the
eccentricities at the end boundaries of the bearing. Similar triangles
are used in meking the correction, and, to simplify calculations, these
corrections for slope were made graphlcally. Both horizontal and verti-
cal end eccentricities were corrected in this manner.

Deflection corrections.- Another correction was made to account for
the deflection of the shaft by the central load. As shown in figure 18,
the shaft axis was assumed to be bent by the central load in a symmetrical
parabolic shape lylng in the vertical plane. Bending by the misalining
couple was assumed negligibly small compared with the centrel-load
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deflection curve. Calculations of shaft bending deflecticon were based

on a uniformly distributed central load over the length of the bearing
and varying moments of inertia for the slightly stepped shaft. Since

the experimental shaft was bent, corrections for deflection were made

to give the vertical end eccentriclties ee, of a straight journal as
shown in figure 18. By simulsating the displacement of a straight journal
in this manner, the data presented are intended to represent character-
istice of an idesl stralght journal and bearing to facilitate application
of the user's actual deflection. By comparison to the centroid of a
fourth-degree parabola, the axis of the straight Journal is located below
the apex of the parabolic curve by one-fifth of the helght of the deflec-
tion curve within the bearing length as shown in figure 18. No deflec-
tion corrections were made in determining horizontal end eccentricities
because the central load acts in the verticael plane, other deflections
being negligible,

In determining the eccentricity e for the condition of zero mis-
alinement with central load, corrections were made for deflection but
those for slope were accomplished by averaging. The measured displace-
ments at the two ends invariably showed a slight slope indicating the
existence of a small misalining couple due to an unavoidable remaining
eccentricity of the central load. By averaging the displacements of
both ends, an average eccentricity of the journal under central lcad was
determined. Any tare misalinement present in the misalinement data is
greatly minimized, 1f not eliminated, by averaging right and left mis-
alinement displacements as discussed in an earlier paragraph.

Bearing clearance at rumning tempersture.- The bearing clearance
for running conditions was determined by subtracting the change in clear-
ance glven in figure 19 from the clearance at room temperature. The
curve of figure 19 represents the calculated change in clearance caused
by differential thermal expansion of bearing and Jjournsl as a function
of the temperature gradient in the bearing housing. Thermocouple 4 and
thermocouple O were 1/16 inch and 2 inches, respectively, from the bearing
surface giving temperatures T) and T9‘ which are indlcatlve of the
temperature gradient in the bearing wall. The slope of the curve indi-
cates a change in diametral clearamnce of 0.00001 inch per °F of the tem-
perature difference (Ty - Tg).

This slope is approximately one-third of the slope of the curve used
in an earlier report of this investigation (ref. 3). Additional study
indicates that the earlier slope should theoretically be smaller and
would slightly reduce the spread of the earlier data. The differential
expansion problem has been re-evalusted analytically after Timoshenko
(ref. 4). The larger slope obtained by the earlier experimental "seizure"
method may be explained by the possibility that the experiment curve does
not allow for the thermsal and elastic stresses set up in the instant
before seizure.
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Coordinates of displecement.- For the condition of zero misalinement
with central load, the eccentricity ratio n was determined fram

. )
_ &y
U
ny = 2 L (12)
Cr
n = nV2+nn2=ae:

J

where the gubscripts v and hk i1indicate the vertical and horizontal
components of the eccentricity e and the eccentricity ratio n. The
radical clearance at running conditions is c..

For misalinement conditions, the eccentricity ratios ne at the
ends of the bearing were determined from

3
eev
n_e = —
v CI‘
eeh P
Dep = e (13)
_ 2 2 _ee

Although the end eccentricity ratios were calculated for both ends
of the bearing, the important value of the two in determining misalined
attitude m,; was the maximum value of eccentricity at one end of the
bearing.

Misalined attitude m, was determined from equation (6). Experi-
mental values of mg as determined above are shown in figures 15(a)
to 15(1). As & function of lcad ratio and S or C,, experimental data
of n and ng (for both ends) are shown as a function of attitude
angle @ in figures 16(a) to 16(4).



20 NACA TN 3352

Sommerfeld Number and Capacity Number

Determinations of Sommerfeld number S and capacity number Cpn
are based on the unit value p of the applied central load and are not
dependent upon misalinement. For any given experimentel run, the bearing
variables grouped in S or Cp as given in equation (1) were constant
as different misalining couples were applied. O11 film viscosity p and
the diametral clearance cg are teken as constant in a given run because
of the relatively small temperature variation. As shown in the sample
log sheet of table I, misalining couples caused only & small change in
temperature so that average values of Tj and Tg Tfor the run were used
in determining p and c¢g. Viscosity values for the SAE 10 oil were
taken from the curve of figure 20. The unit central load p on projected
area was determined from p = P/Zd, and the total centrel load P applied
by the piston was calculated from P = 5.0(pe - 12.5) wvhere pe 1is the
capsule pressure acting on the piston area of 5.0 square inches, and
12.5 pounds per square inch represents the tare weight of the bearing
and the apparatus attached to the bearing housing. The load piston was
arranged to provide either of two areas of 15 or 5 square inches.

ILoad Ratilo

Load ratic Iy was calculated from equation (5) as the ratio S /Se
or Cn/Cne in which Se and Cp, &are the equivalent Sommerfeld and

capacity numbers related to point c in figure 3(a). Values of Se were
taken from the experimental curve of central-load eccentricity ratio of
figure 4(b) for long bearings of 1/& 2 1.0. For s given misalining
couple, the larger value of ng of the two ends of the bearing was used
to determine Se. In this way, ne 1s regarded as the eccentricity
ratio n of a bearing with an increased equlvalent central losd at s
correspondingly decreased Sommerfeld number. The load ratio then is the
ratio of the two Sommerfeld numbers or the two central loads. At zero
misalinement the load ratioc is 1.0 and for increasing migalinement the
load ratio increases and is always greater than 1.0. TFor short bearings
of 1/& € 1.0, the experimental curve of 4(c) was used to determine load
ratio.

Couple Variable
The nondimensional grouping of numbers including the misalining

couple M appears in two forms, one of which applies to long bearings
(1/d& 2 1.0) and the other, to short bearings (1/d < 1.0):
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M /e \/2,\1/2
= 2[e L for long bearings 10
/2, .1/2
- %%(§E> <%) _iig for short bearings (11)

Here Cp 1s the couple variable and M 1s the misalining couple

called Mg for axlal misalinement and My foy twisting misalinement.
The experimental values of My were determined by multiplying the mis-

alinement weight in pounds by the moment arm of lBE-inches; for M; the

moment arm was 142 inches.

8

Couple variable appears as & function of load ratio in the four sum-
mery curves of figure 6 and in the curves of figure 14 for the individual
shafts. Couple variable gppears also in the design charts of figure 7 in
which load retio is eliminated.

ANAT.YSTS AND DISCUSSION

Method of Attack

Referring to figure 3(a), it can be seen that for a given curve for
the central-load case (fig. 4) & cross plot can be get up showing the
relation between arbiltrary values of misalined attitude mg and the cor-
responding velues of losd ratio Lg as shown in figure 5. It remained
to find a curve showing the relation between the load ratic Ly and the
couple variable by experimental tests. After this curve became available
& chart was set up showing the relation between misalined attitude and
the couple variable directly, thus eliminating the load ratio.

This method of attack has the advantage of making available the
information most needed, that is, the effect on oil film thickness or
meximum eccentricity at the end of the bearing, cutting through the Intri-

cacies of coordinate location shown in figure BCb) and figure 16. Curves
are presented which show these relations for several cases of 1/d ratio
for both axiel and twilsting misalining couples.
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Nearly Motionless Pivot Point

The polar diagrams of figure 16 indlcate that the central eccen-
tricity n. of the bearing with misalinement remains very nearly at the
value of n for central loading. At light central loads, the central
eccentricity tends to show the greatest change in position. Figure 21
shows the change in position of the central eccentriecity for a typical
lightly loaded case. 1t is interesting to note that the change in posi-
tion 1s a change in attitude angle with almost no change in eccentricity.
For practical purposes, 1t may be concluded that n, = n represents a
point in the central plane of the bearing about which the journal axis
pivots. This phencmenon is useful in determining the angular limits for
misalinement.

Effect of Angular Miselinement on Bearing Eccentriclty

The concept of the motionless pivot polnt facilitates calculating
the effect of the angular misalinement and shaft deflection on a bearing.
If the slope of the deflection curve is calculated, it may be assumed
that the location of the center of the misalined Journal is given by the
eccentriclty ratio n for central loading. The shaft deflection in the
half bearing length in the form of e/cr can be added vectorially to the
central eccentricity ratio to obtain the eccentricity ratio at the bearing
end na. At high values of nq, where nc 18 nearly parallel to the

load, little error results if e/cy 1s added directly to ng.

Effect of a Couple on Misalined Attitude

Another useful form of the experimental data of this investigation
appears in the four curves of figure 7 in which the misalined attitude mg
may be used as a limiting criterion to determlne the couple capacity of a
migalined bearing acted upon by & central load. A misalined attitude
m, = 1.0 is the limit at which contact of the bearing surfaces occurs at
the bearing end. A factor of safety 1s needed to limit the allowable
value of m, at a reasonable value legs than 1.0.

For a given misalinement attitude, the couple variable C, permits
the determination of the couple in terms of the central load.

For the extreme condition where the central load is great enough
for n to approach one, the allowable couple 1s zero.

The curves of flgure 7 do not by test data embrace the opposite
extreme of zero central load where S, Cp, and C, are infinite.
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However, as will be shown later, the curves show that the couple passes
through a maximum value and 1s falling as the load reduces further.

Effect of a Couple on load Ratio

The meening of figures 6(a) and 6(c) can be illustrated best by an
exemple. Assuming a bearing with a length-diameter ratio of 1 and a
clearance-diasmeter ratio of 0.0025, the value of the couple varisble
then becomes

_ Ma(__i__)l/z (1)1/2 =

m " p7\0.0025

M 1/2
= 5(k00)

= gﬁ(go)
P1

If a value of Ma/PZ = a/l = 10 percent 1s assumed, the couple variable

has a value of 0.10(20) = 2, giving a value of load ratio of 2.2 on
both 6(a) and 6{c). This means that for this example 1O-percent mis-
alinement reduces the oll film thickness locally at one end to a value
given on figure 4(a) by multiplylng the central load by 2.2.

If a value of 25-percent misalinement i1s used, the couple varlable
is 25 percent of 20 or 5, giving a load ratio on 6(a) of 5.8 for long
bearings and on 6(c) of 8.5 for short bearings. Apparently 25 percent
is approaching a practical limit of a/1.

The load ratio Ly 1s the variable which appears to be basically
a function of the couple varlable Cp as shown in the four curves of
figure 6. The form of the couple variable as shown was determined
empirically by trial-and-error processes. Dividing the miselining
couple M by the load P and the bearing length 1 was the first step
used to determine s nondimensional form: M/Pl. In the case of axial
misalinement, M may be regarded as the couple Pa produced by axlially
offsetting the central load a distance such that M/P1 = a/l. In the
case of twilsting misalinement, the offset ratio does not have the same
physical meaning as for axlisl misalinement. However, M/PZ may be
accepted as a nondimensional form for both cases of misalinement.

Couple variable.- By trial-and-error methods the terms (d/cd)l/2
were found to draw curves of M/Pl against Lg together. This was




ol NACA TN 3352

especially apparent for the long-bearing experimental data of shafts 6A
and 6B having the same Z/d but significantly different clearances.

Also, it was found that the term (1/d)l/2 is influentisl in drawing
together dats for shefts having different values of l/d as 1in shafts 6A,
6B, 6C, and 6D. Studles were made to determine the effects of viscosity
and speed on the couple variable, but no basic effects seemed apparent.

As shown in figures 6(a) and 6(b) for long bearings, the curves of
couple variable Cp agalnst load retlo Lr show that a bearing with
central load has & greater couple capacity for twisting misalinement than
for axial misalinement. A comparison of the numerical values of Cp as

glven in teble III shows that the twilsting-couple capaclty ls greater
than the axial-couple capacity by a factor of epproximately 1.4, but no
reason has been found that would explain a need -for a factor so near V2.

In the case of short bearings as in figures 6(c) and 6(d) the couple
varlable C, 1s expressed in a somewhat different form because the
central-load capacity of short bearings i1s sensitive to l/d ratio. It
was found that by introducing (l/d)2 in the denominator of the couple
varisble, the experimental data for shafis 6D (1/d = 1.0) and 6E
(1/a = 3/4) were drawn together. This may be logical since the couple
capaclty of the short bearlng depends upon the central-load-carrying
capacity which includes a similar term. As shown in figure 4, central-
load cepacity of long bearings 1ls almost independent of Z/d whereas
short-bearing central loading depends upon (l/d)a. Axial and twisting
values of Cp for short bearings in figures 6(c) and 6(d) are not as
greatly different as 1n the case of long bearings. A comparison of
numerical velues as given in table III shows that the twisting misalining

capacity 1is greater by a factor of about 1.2, spproximately QVG;.

That the twisting-couple variable should be greater than the axial-
couple variable may be logical in that the extent of the losd-carrying
oil film may be greater. As shown in the plaster models of reference 1,
the load-carrylng film for central loading is small in angular extent.
The inclination of the Jjournal axls by axlal misalinement causes the
pressure distribution to shift without an appreciable increase in the
extent of the working oil film. 1In the case of twisting misalinement
the Journal inclination causes a pressurizetion of the film in areas
which represent an lncrease In working oil film extent and lever arm.

Couples in other planes.-~ The mlsalining characterlstlcs of bearings
determined by this investigation are limited to the two cases in which
the couples are in elther the plane of the central load or in a normal
plane. For all other planes of the couple, the characteristics are still
tc be determined. However, since the numerical order of magnitude of the
axisl and twisting misalinement characteristics are not greatly different,
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it may follow that for all other planes the characteristics may not be
greatly different. A couple 1n an intermediate plane would involve a
combination of coordinste couples in the axial and twisting planes at
the same time, a condition which has not been investigated.

Double velues at 1/d = 1.- As may be seen in figures 6 and 7, for
bearings of 1/d = 1.0, two values of couple variable may be obtained,
since 1/d = 1.0 appears in both the long-bearing chart and the short-
bearing chart. This is a direct consequence of using different experi-
mental curves for centrsl-loading characteristics as glven by the curves
of figure k.

The experimental date for central loading in figure 4(a) are grouped
well enough together to suggest the drawing of a single experimental
curve through the data so that the number of curves in figures 5, 6,
and 7 would be halved. In this way the long- and short-bearing axial
migalinement characteristics of figure 7 would gppear on one chart in
which the classes of bearings would be distinguished only by the

(Z/d)2 term in both the ordinate and abscilissa following the device uséd
in figure 4(a). However, this possibility deserves further study.

In figure 7 the zero value of the couple variable Cp corresponds
with a small but finite value of S or Cp. In figure 7(a), for Cp = O,

S = 0.02. If the experimental curves of figure 4 were to pass through
S =0 at n=1.0, as indlcated by theory, then C, would be zeroc at
zero values of S or Cp.

Maximum couple.- It is not directly apparent from figure 7 under
what condition g bearing carries the maximum couple. For a glven value
of mg, the couple depends upon both the central load P and the couple

variable Cp. However, Cp depends upon the central load as given in
S or Cp. Therefore, as the central load 1s increased, the couple will

increase with P but at the same time will decrease with Cp. Figure 22

has been prepared to illugtrate numerically the magnitudes of the
couple M as a function of the central load P for my = 1.0; numerical

values of u, N, 1, d, and cg are given, and M end P are calcu-

lated in inch-pounds and pounds, respectively. It may be seen that the
abillty of a bearing to resist misalinement increases as the central load
increases up to a given point and thaet at very high central loads the
couple capacity then decreases raplidly to zero as the central load becomes
great encugh to give n = 1.0. The two sets of maximum curves reflect the
double values obtainsble at 1/d = 1, as discussed above.

Point contact at end of & bearing.- Flgure 15 shows that many experi-
mental data points were in the vicinity of my = 1.0, and in some cases
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this vaelue was exceeded. The actual end eccentricitles as tested were
slightly greater than those shown because the plotted data glve values

of ne and my for an ideal straight shaft. During the experiments
there was no visible indication that a value of mg = 1.0 was a sign of
impending bearing failure as in the cage of central loading where n
approaches 1.0. A possible explanation is that the area of metallic
surface contact is smaller for mlsalinement than for central loading;
also for soft bearing metals such as bronze or bgbbltt, the point con-
tact by misalinement is more easlly accommodated than is the line contact
by central loading. Because of the small magnitude of the loads involved
in incipient point contact under misaelined loading, the heat generated
1s small and causes less temperature rise. The lncrease 1in load that
can be carried by boundaery lubrication appears to be appreclable.

The approach to the misalinement problem teken by this investigation
has been a simplified one in which quantitative relationships including
attitude angle are abgent. The attitude angles of the end and central
eccentricities apparently are also a function of the applied misalining
couples. An analytical solution of mlsalinement behavior is needed to
reveal practical methods of plotting attitude-angle data.

CONCLUSIONS

The following concluslions mey be drewn from the results of this
experimental investigation of migalining couples and eccentriclity at the
ends of misalined plain bearings: '

1. The experimentally determined characteristics of misslined jour-
nal bearings are sumearized in the form of design charts which show the
relation between the misaelining couple and the misalined attitude of a
bearing having a central load.

2. For practical purposes the center of the bearing may be assumed
to remain at approximately the eccentriliclty for parallel central loading
with the axes tilting sbout this point as a plvot as misallnement occurs.
The displacement of the center of the journal caused by misalinement is
practically negligible at heavy central loads. At light central loads
the motion of the bearing center becomes measursble, tending to move along
an arc at gpproximately the same eccentricity ratio.

3. Where two or more bearings are used on a shaft, the effect of
angular miselinement and shaft bending deflection on oil film thickness
can be estimated by calculating the slope of the deflection curve at the
bearing and applying the slope correction in the bearing half length
about & pilvot polnt at the center located by the eccentricity ratio n
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for central loading. Correction for the parabolic deflection curvature
of the shaft within the bearing length may also be applied.

Lk, Single bearings have relstively little resistance to axial mis-
alining couples, which are anaslogous to offsetting the line of action of
the load away from the bearing center. Offsetting the load 10 percent
of the bearing length away from the center reduces the oil film thickness
locally at one end of the bearing to a film thickness corresponding to
doubling the load at the bearing center. An offset of 25 percent in
which the load line is half way between the bearing center and one end
is comparaeble in local oll film thickness to increasing the central load
over five tlmes. These ratios apply to bearings having a length-diameter
ratio of 1 or more, and a clearance-diameter ratic of 0.0025 or less.
Twlsting miselining couples have a similar but slightly smaller effect.

5. Misalinement has little effect on oil flow rate and bearing tem-
pergture if the amount of miselinement is small enough to prevent metallic
contact.

6. The misalined attitude and the couple ratio appear to be fundamen-
t2l variables and thelr use simplifies the treatment of misalinement. The
exponents of the clearance ratio and the length-diameter ratio in the
couple varieble are empirically chosen and are a tentative approximation
based on the data available.

The method of plotting misalined loading used in this report is
limited to the case where a steady central load is not zero and the line
of actlon of the load passes within the confines of the bearing length.

Cornell University,
Ithaca, N. Y., December 31, 1953.
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TABLE I.- SAMPLE I0G SHEET FOR DISPLACEMERT AMD OIL FLOW MEASUEZMEWIS FOR SHAFT 6A
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[z/a-e; 1,200 rpx; D, = 80 Ib/mg in.; SAE 10 oflj d-lg.tm;

= %in.; cg = 0.00252 in. (rocm tergerature); bronze
bearing; steel shaft; 1/8-in,-dfemater 0il hole opposite cen-

tral
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TAHLE I.- GAMPLE T.0G BHEST YOR DISPLACEMERT AND OIL FLOW MEASOREMENTI FOR SHAFT 6h - Concluded

(b) 041 flov mesnmemerts; twisting—sdselinemsnt xomy lkg-m. omple arm.

[1/(1-2. 1,800 170y Py, = 80 1b/sq in.; EAE 1D aily a-lgm,; 1= 22 in.;
£a v 0.00232 in. (room texperatzre); bronre bearing; steal shaft; 1/B-in.-
tlameber oll Dols cpposits comtral load; Ti(wy) = 1357 ¥1 Fg(ay) = 1271° Wy
b o= 2,06 % 106 reyn; og = 0.000%6 in, (Tmning tempersture);

(afod}® = 0.313 x 1085 (dfea)/R = 25.7; P = 5160 - 12.5) - 538 Iy
p= 20 Ibfsq in.; E' = 20 rpa; S m 0.059; Cp= D.Olhj}-lg

0%

| I
tomperature, °F, = » Fogt, 011 Misnlining 0Ll Tlow
i 1 ] [
& . 2
g Test bearing B o ﬂ. 5 i 5
il e, £ 5 iz g il 7.
E ﬂi . 3144 5l 3 A NI R SRR
2 g + <[ *14 & g g1 B TUEf ol 5|8 A &4 B
] ] e ; ‘ AHERERE: § §9 £9
- kel
: SR ] } |
+ — H '
i g i ? 3 3 3
3 z 3
1 % Tl ] o | 18 5 E 3
2:% | oW 1,200 [ 1B0 | 100 (199 ) 120 |22y [ 103 | 128 | &1 | &0 199 | 80| ammr—em | - 0 10.189 | 2 [0.095 fo.10 | 1.00 olo
130 [ 13| 1%0 | 128 | 12 | 129 tristing | Rlght | % [ .19% 097 | 0L [ Lo | TR | 1.ow | 23
130 | 130 | 120 | 129 | 125 | 1%0 110 | .95 098 ] Lloe | 1.2 | 1kh | 2.08 g
g [ 13 | 122 | [ 126 | 10 15 | .97 099 | e (10 |26 | 512 J
130 |1 | 1% | 130 | 126 | 1% e | == ] 0| 199 100
122 | 132 ] 132 | 170 | 126 | 1™ Twisting | Taft 5 | =00 100
e (12| 2 |0 |1 {1n o 10 | .03 Ple-]
Y E VS Y e el ) e i . HEAE-
1 ’ _— e ) e | | e [ = P B E .
A% | 13s 11 [ 128 ) 13w ) 8L | BO s %9 | 80 | Twisting | Laft 5 | .20h 0%
1358 | 13k ]l-ﬁ A | 128 | 1% 0| 205 -103
15k | 13k ) 13k | L% | 129 | 1% 15 | 206 ""ﬁ
L5 | 13 | 13k [ 131 | 128 | 13 e mmm —~— | 0] 208 .
1k {17 | 13k 130 |20 | %= Twisting § Right 206 0k
13h | 134 | 134 | 12 |18 ) 1% 0 | 207 10k
LYY, h |1 | 13k | 12 | 128 J.fsa_J | 15 | .06 | ¥ '10341

% (¥, clockrien; COCW, oomarberclookvise.
b g = 0.100 1u/min.

°nt-1h§w.

de, - ﬁ(ﬂlfﬁ(ﬂl/i
Pl

* From rig. T(b).
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TABLE II.- SAMPLE CALCULATION SHEET FOR AXIAL WISALIMEMINT OF SHAFT GA CIVIMG FRD ECCINMTRICITY RATIOS,
MISALINED ATTTTULE, LOAD RATIO, COUFLR RATID, AND COUPLY VARIABLE

[l/d - 25 1,200 rpm) D, = B0 lb/eq in,; 8AF 10 oil; d-lg-in.; 1. :%J.u.;
04 = 0.00202 in. ({room temperaturs); oy = 0,00245 In. (rumung tesporatars);
Ty(av) " 357 B Tgray) ~ 100 By djog = 0.558 x 1075 (4/g)® - 0312 x 10

(ﬂ/ﬂd)liE = 23.5) ' =00 rpa; poeR,18x ‘lO"G r-va

Coordinata and Qoordinate end
i - daplacements, in. ,E sxcantriclty ratios .
# A oo
84 | ; : F#
=£. =T % P EE p i oxd . ¢
- Vartical Borirantal . g .
EE) LA .3 3 1 bind g4 "y il I A I PR L - 8 P R B O D
7] 44 i § i &t 9 84 gg e ﬁggﬁ’? AL
1 A ] ] b
[~}
o NN R g
R T Pt ¥ Latt | Right | Iaft | Right
(nd.
2 0 sx 107 5 1077 o ola 0 o a [ T . [OOSR [V INCENI SR [,
0 %6 96 x 1070 | -5 x 1077 0 1809 | +.650 | +.698 | -390 | -, E 0 ) 0.0h5 | 1.00 | 0 o
3 o3 a1l - -lal 56,5 180 | +.732 | +.617 [ -.37h -.% . LOhE =8 .0%9 | 1,19 .0l50 3
T "9 104 ~10% 151.% | 1088 +.£ +.E20 -8 | - ks L7k K el Ao L0585 | 1,36 0872 | 1.
0 290 166 85 -1075 107.5 | 1888 | +. +.£’§ 30 | w23 | Lm0 | LA%s | L5600 | LGeB | 1.6 .g_ﬁrED 1.@
1 183 1% J_‘BE -108 g60.% | 1206 | +.9%5 | +. x%2 | - oo P LeLT 968 0ep | 2,0 .OoThe | .
) Correotdon for slops
of o B x 10" | o8 X 10D | cmeces | e . ) 18 18
o o | 208 3 o Cople arm = T3 do.) My m 75 W
x5 i alk g‘fg ﬁ‘“’oﬁ _lﬁxm P Aren of loading platon = 5.0 sq in.; P = S(pg - 12.5).
T 260 199 B3 e e n =077
10 276 180 86 ~103 d Be - N
14 == 158 il “10% b T
Division by 2 ® Yrom axperimental aurve of £ig, #{b).
!_ L9 - 0.0h% LH-EE.
N P A SR LR B v e P
0| 20 3 n x 107 x 107 g /2, \1/2
TR |E T2 - 32
7 1% 96 o A, a
10 L ool a5 - N Avernges of date in table I(a).
1k k7 9 b2 -85
. Zero 5% 1077
%2 % 1072 amrrection for: Pafinction ~53
o o 0 [T SIS, "
oflzo| 8ix1wd | @x10® | Hx105| 46 x 100
2 0 3 -50
7 8 g Sk a1
l?. Bt el 3 o
3 ns T -n5
|

2GEe NI VOVN

¢



NACA TN 3352

TABIE III.~ COMPARISON OF AXTAL AND TWISTING MISALINING

COUPLE CAPACITIES OF LONG AND SHORT BEARINGS

Ig Cp(axial) Cp(twisting) Cp(twisting)
Cp(exial)
Iong bearings
Fig. 6(a) Fig. 6(b)
1.0 0 0 _——
1.5 1.05 1.70 1.62
2.0 1.75 2.45 1.40
3.0 2.70 3,70 1.37
4.0 3.55 4.90 1.38
5.0 k. Lo 6.05 1.38
6.0 5.10 7.10 1.39
7.0 5.85 8.15 1.39
8.0 6.60 9.20 1.39
9.0 7.35 10.25 1.40
Short bearings
Fig. 6(c) Fig. 6(a)
1.0 0 0 ———-
1.5 1.0 1.45 1.45
2.0 1.80 1.95 1.08
3.0 2.70 2.75 1.02
4.0 3.35 3.40 1.02
5.0 3.80 4,05 1.07
6.0 4.20 b .60 1.10
7.0 h.55 5.10 1.12
8.0 4.90 5.60 1.14
3.0 5.10 6.10 1.20
10.0 5.30 6.65 1.25
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Figure 1.- Relative geometric configuration of journal and bearing
axes for a beering acled upon by a combination of central leoad
and misalining couple.
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Figure 2.- Dimgram showlng planes of action of misalining couples relative
1o line of action of central load, =s in experiments.
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Figure 3.- Diagram showing method of approach to misalinement using
concept of equivalent central load.
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(a) Long and short bearings.

Figure L.- Fecentrieity ratio for central loading.
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(b) Long bearings only, l/d 2 1.0.

Figure 4.~ Continued.
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EcceENTRICITY R{r/io,

(¢) Short besrings only, it/d = 1.0.

Figure 4.- Concluded.
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MisaLineDo Hrry TUDE,

DommERFELD No. (Centrac Loko), S

(a) Long bearings, 1/a £ 1.0. Curves determined from experimental curve
of figure 4(b) and equations (5) mnd (6).

Flgure 5.~ Misalined attitude as a function of load ratio and Sommerfeld
or capaclity mmber.
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(b) Short bearings, 1/d € 1.0. Curves determined from experimental curve
of figure 4(c) and equations (5) and (6).

Figure 5.- Concluded.

eCese NI VOVM




S
2

(3

{

Fa
2

)

2

Ma
FZ

C;n::

2

CouvPLE VerR/ABLE

3

Y

A o
] L—"
/
v
//
/:L&/’///F t%
=
v//y
Y Cha S SHAEFT Lid
g EI}\—'//WBW © €4 ‘ .
e
DOO/W‘;@/D v B 65 2
@ Gv@V e v &C /—ZL BN
vl ¥ A ¢ O / |
I
0 / 2 3 < 5 7 7 & @ /o
Lowo Rario, Le

(a) Long bearings, 1/d 2 1.0 for axlal misalinement.

Figure 6.- Couple variable a6 & function of load ratio; experimental data.
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(b) Long bearings; 1/d 2 1.0 for twlsting misalinement.

Figure 6.- Continued.
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(¢) Short bearings; 1/d = 1.0 for axial misalinement.

Figure §.- Continued.
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(d2) Short bearings; 1/a £1.0 for twlsting misalinement.

Figure 6.- Concluded.
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(a) Long beerings; 1/d 2 1.0 for exial misalinement. Curves determined
from data of figures 5(a) and 6(z).

Flgure 7.- Misalined attitude A6 a function of couple variable and Sommerfeld
or capacity number.

o




IHEIN

(2

M
71

Coy =

CouPLE VARIABLE,

ra

7
5 / / e //
5 Ao/ |y | ] 7///
7 3%/ // ))/ \ -~ |
c / / / - g ] P 1
5 J / /// 2 LT
. WA T L e L
7 [
3 ////? // ff//)/_,,’* '.},/// —
, %//ér// ] | [N N B e
/ [;:::::j:::_—~—‘*"“ﬁ_“-ﬂfhg’j
oo 4 2 .3 -4 L5 -G .7 .8 .9
Sommerreco No. (CeEnTRAL Llomn), S

(b) Long bearings; 1/d 2 1.0 for t{wisting misalinement.
mined from data of figures 5(=) and 6(b).

Figure 7.- Continued.
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(c) Short bearings; 1/d = 1.0 for axial misalinement. Curves determined
from data of figures 5(b) and €(c).
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Flgure 7.- Continued.
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Figure T.- Concluded.
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(a) Shaft 6A; 1/d = 2; 4 = 1% inches; I = 23 inches; cgq = 0.00252 inch

st room temperature.

Figure 14.- Couple variable sgainst load ratio for sxial misalinement.
SAR 10 oil; 140° F at heater; p, = 80 pounds per square inch;

1/8-inch-diemeter oil hole cpposlte central load; load ratio caleu-
lated from eguation (5) end based on experimental curve of figure 4(b).
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(b), Shaft 6B; 1/d =2; 4 = 1—2— inches; 1 = 2% inches; cg = 0.00376 inch

at room temperature.

Figure 14.- Continued.
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at rocm temperature.

Figure 14.- Continued.
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(d) Shaft 6D; I/d =1;d = l-g— inches; 1 = 1% inches; ¢y = 0.00183 inch
at roan temperature.
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(a) Curves for Sommerfeld number; axial misalinement; shaft 64; i/d = 2;
d = l% inches; 1 = 23» inches; c4q = 0.00252 inch at room tempersture.
Load ratio calculated from equation (5) and based on experimental
curve of figure 4(b).
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SAE 10 oil; 140° ¥ at heater; p, = 80 pounds per square inch; 1/6-inch-
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(b) Curves for Sommerfeld number; axial misalinement; shaft 6B; 1/d = 2;

dn l% inches; 1 = Eg-inches; eq = 0.00376 inch at room temperature.

Load ratio calculated from equation {5) and based on experimental
eurve of figure 4(b).

Flgure 15.- Continued.
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(c) Curves for Sommerfeld number; axial misalinement; shaft 6C; 1/d = 1.5;

d = 11 dnches; 1 = 2= inches; g = 0.0019% Inch et room temperature.

Toad retlo calculated from equation (5) end based on experimental curve
of figure k(b).

Figure 1%5.- Contlnued.
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(d) Curves for Sommerfeld number; axial misalinement; shaft 6D; l/d =1;

>

d = 1= inches; 1 = .
8 8

~

Load ratlo ecalculated fram equation (%) and based on experimental

curve of figure 4(b).

Filgure 15.- Continued.

inches; ¢q = 0.00187 inch at room temperature.
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(e) Curves for capacity mmber; axial misalinement; shaft 6D; 1/d = 1.0;
d = 1% inches; 1 = 13— inches; ¢4 = 0.00183 inch at roam temperature,

Load ratlo calculated from equation (5) end besed on experimental
curve of figure 4(c).

Figure 15.- Contimued.
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(f) Curves for capacity number; axial misalinement; shaft 6E; 1/d = 3/4;

1

d = lg-inches; 1= §5~inches; cg = 0.00258 inch at room temperature.

Load ratio caleulated from equation (5) and based on experimental

curve of figure L(ec).

Figure 15.- Continued.
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(g) Curves for Sommerfeld number; twlsting misalinement; shaft 6A; 1/d = 2;
d = l% inches; i = % inches; ¢g = 0.00252 inch at reom temperature.

Load ratio calculated from equation (5) and based on experimental curve
of figure 4(b).

Figure 15.- Continued.
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(h) Curves for Sommerfeld number; twlsting misalinement; ghaft 6B; 1/d = 2;

d = l%-inches; 1= QE-inches; cg = 0.00%376 inch at room temperature.

Toad ratio calculated from equation (5) and based on experimental curve

of figure 4{(b).

Figure 15.- Continued.
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(1) Curves for Sommerfeld number; twisting misalinement; shaft 6C; 1/d = 1.5;

d = l% inches;

of figure 4(b).

1:2..1“_.

16
Load ratio calculated from equation (5)

inches; cq = 0.00196 inch at rcom temperature.

Flgure 15.~ Continued.
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(j) Curves for Sommerfeld number; twisting misallnement; shaft 6D; 1/d = 1;
d = l% inches; 1 = lg— inches; cg = 0.00183 inch at room temperature.

ILoad ratio calculated from equation (5) and based on experimental curve
of figure 4(b).

Figure 15.-~ Contlnued.
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(k) Curves for cepacity number; twlsting misalinement; sheft 6D; l/d = L.0;
d = lg- inches; 1 = l% inches; eq = 0.00183 inch at room temperature.

Load ratio calculated from equation (5) and based on experimental curve
of figure 4(c).

Figure 15.- Continued.
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(1) Curves for capacity number; twisling misalinement; shaft 6E; 1/d

= 3/l;

d = l% inches; 1 = 1= dinches; cg = 0.00258 inch at room temperature.

A2
Losd ratio calculated from equation (5) and based on experimental
of figure 4{e).

Figure 15.- Concluded.
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Figure 16.- Fnd eccentriclty retios.
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(b) Twisting misalinement; shaft 64; 1/d = 2; d = 1% inches; 1 = EL% inches;

cg = 0.00252 inch at room temperature.

Figure 16.- Contimued.
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Figure 16.- Continued.

S0

ches 1L VOVH




] i, [T

8

\
.2 \

Y
N

A el
R
2 o 2 4 g r3 J

=z =]
AT

WITH CENTRARL LOMAD AND ZERO
MISQLINING COUPLE

A
auP
AL

_

\ & /
\_ﬁ_e__-’—l///

%—CENTRGLLOHD,P

PN Tacavy e tmax)

¥ 23BL8 [2oavrpm I27°F A8 -8
A 588 ‘(200 /3t &s

B 688 /(200 /134 58

(d) Twistlng misalinement; shaft 6D; 1/d = 1; 4 = 1% inches; 1 = Lg— inches;

cq = 0.00183 inch at room temperature.

Figure 16.- Concluded.
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Figure 17.- Effect of misalinement on oil flow rate. SAE 10 oil; 140° F at

heater; p, = 80 pounds per square inch; l/&inch-diameter 0il hole
oppesite central load.
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(b) Twieting misalinement. Shaft 6A: jd =2; 4= l2 inches; 1 = % Inches;

fi

Ca
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Figure 17.- Concluded.
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Flgure 18.- Diagram showing corrections made to account for shaft incli-
netion and shaft bending deflection in calculating eccentricities at
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ghown appllies to vertical eccentricities.
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